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Abstract

The influence of two-dimensional finite element modeling assumptions on the debonding prediction for skin-stiffener specimens
was investigated. Geometrically nonlinear finite element analyses using two-dimensional plane-stress and plane-strain elements as
well as three different generalized plane-strain type approaches were performed. The computed skin and flange strains, transverse
tensile stresses and energy release rates were compared to results obtained from three-dimensional simulations. The study showed
that for strains and energy release rate computations the generalized plane-strain assumptions yielded results closest to the full three-
dimensional analysis. For computed transverse tensile stresses the plane-stress assumption gave the best agreement. Based on this
study it is recommended that results from plane-stress and plane-strain models be used as upper and lower bounds. The results from
generalized plane-strain models fall between the results obtained from plane-stress and plane-strain models. Two-dimensional
models may also be used to qualitatively evaluate the stress distribution in a ply and the variation of energy release rates and mixed
mode ratios with delamination length. For more accurate predictions, however, a three-dimensional analysis is required.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Background verse matrix crack based on the principal transverse
tension stress distribution in the off-axis plies nearest the

Many composite components in aerospace structures bondline in the vicinity of the flange tip [7]. Earlier in-
are made of flat or curved panels with co-cured or ad- vestigations [2,3] indicated that the matrix cracking oc-
hesively bonded frames and stiffeners. Previous investi- curred when the maximum principal transverse tensile
gations of the failure of secondary bonded structures stress, au, normal to the fiber direction, as calculated by
focused on loading conditions typically experienced by
aircraft crown fuselage panels. Tests were conducted U 2 2 + U 3 3  (6 2 2 -U 3 3  + 2
with specimens cut from a full-size panel to verify the 't 2 + 2"

integrity of the bondline between the skin and the flange reached the transverse tension strength of the material.
or frame [1]. A simpler and cheaper specimen configu- Here U22 and o3 denote the normal stresses and T2 3 the
ration that would allow detailed observations of the shear stress in the 2-3 plane perpendicular to the fiber
failure mechanism at the skin/flange interface was pro- direction.
posed in Ref. [2]. The investigations focused on the A fracture mechanics approach was used to
failure mechanisms of a bonded skin/flange coupon
configuration subjected to tension, three and four-point gate delamination onset once the initial crack had

bending,formed. The initial crack was modeled as a discrete

An analytical methodology was also developed to discontinuity at a location suggested by the microscopic

predict the location and orientation of the first trans- investigation. The virtual crack closure technique
(VCCT) was used to calculate mixed mode strain energy
release rates G, (due to crack opening), G11, (due to in-

"Corresponding author. Tel.: +1-757-864-3465; fax: +1-757-864- plane shear) and G111 (due to in- plane scissoring) [8-10].
8911. Computed total strain energy release rates, GT, were

E-mail address: t.k.obrien@larc.nasa.gov (T. Kevin O'Brien). compared to the critical value, Go, of the material for the
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appropriate mixed mode ratio GII/GT in order to de- Table I

termine the potential for delamination growth [7]. Material properties

1M718552 unidirectional graphitelepoxy prepreg
Ell= 161.0 GPa E22 = 11.38 GPa E33 = 11.38 GPa

2. Introduction V= 0.32 V= 0.32 1'23 = 0.45
G12= 5.17 GPa G13 = 5.17 GPa G23= 3.92 GPa

The current study focused on skin-stiffener debonding IM7/8552 graphitelepoxy plain weave fabric

resulting from buckling of a thin-gage composite fuse- E= 71.7 GPa E22 = 71.7 GPa E33 = 10.3 GPa

lage structure as described in Ref. [7]. The specimens v12 = 0.04 V= 0.35 v23 = 0.35

consisted of a bonded skin and flange assembly as G12 4.48 GPa G13 4.14 GPa G23 =4.14 GPa

shown in Fig. l(a). An IM7/8552 graphite/epoxy system Grade 5 FM300 adhesive

was used for both the skin and flange. The skin was E = 1.72 GPa v = 0.3 (assumed isotropic)

made of prepreg tape with a measured average ply
thickness of h = 0.148 mm and had a [45/-45/0/-45/45/
90/90/-45/45/0/45/-45] lay-up. The flange was made of mented from photographs of the polished specimen
a plain-weave fabric with a thickness of h = 0.212 mm. edges at each of the four flange corners identified in Fig.
The flange lay-up was [45/0/45/0/45/0/45/0/ 4 5]f, l(a). Corners 1 and 4 and corners 2 and 3 had identi-
where the subscript "f" denotes fabric, "0" represents a cal damage patterns. The damage at corners 2 and 3,
0-90' fabric ply and "45" represents a 0-90' fabric ply formed first and consisted of a matrix crack in the 450
rotated by 45'. The measured bondline thickness aver-
aged 0.178 mm. Specimens were 25.4-mm wide and skin surface ply and a delamination at the +45°/-45o
177.8-mm long. The properties of the graphite/epoxy interface as shown in Fig. l(b). Therefore, this damage
material and the adhesive were measured at Boeing and pattern was the focus of the current and related earlier

are part of the standard design database for the V-22 analyses [7].
The complex nature of the failure observed during the

tilt-rotor aircraft. Typical properties are summarized in experiments, where the delamination changed across
the specimen width from a delamination running at the

Four quasi-static tension tests with a gage length of
101.6 mm were performed as outlined in [7]. The value sk in sf e 4 o45 linerae to a d elmaonof te dmag onet oadwas vergedfro for tsts propagating in the bondline above, suggests the need forof the dam age onset load w as averaged from four tests a th e -i ns o l m d l [7 .S ce a y l y rs f
and determined to be P = 17.8 kN with a coefficient athe-insolmdl[7.Sce aylyrsfofnvariationnof 8o9%. The testswereiterminatediwhent brick elements through the thickness would be requiredof variation of 8.9%. The tests were terminated whenI to model the individual plies, the size of three-dimen-
the flange debonded from the skin. Damage was docu- sonal te ent modes, heve ma become

sional finite element models, however, may become

prohibitively large. Two-dimensional models of a lon-
(a) 1•77.8mm gitudinal cut through the specimen allow for a detailed

Corner 4 Corner 2 modeling of the individual plies and the adhesive in

25.4 • m thickness direction. Two-dimensional models are pre-

0I ferred by industry due to the fact that modeling time, as

Corner3Corne- 42mm \"' Straingages well as computational time, remains affordable, espe-

1.- 50.8 mm . cially if many different configurations have to be ana-
lyzed during the initial design phase. These models have

Tape skin Fabrcflange been used extensively during previous studies [2-4,6,7].

S2" I-• However, it is inherent to any two-dimensional finite
.78. amm_ - [_3.86 mm element model that the geometry, boundary conditions

t NOTE: Figure not to scale T and other properties are constant across the entire
width.

The current study presents an intermediate step where
(b) Adhesive Pockeit three-dimensional models were created by extruding

Matris Crack /Delaminaiion B two-dimensional models across the width. The fact that

,/45' the delamination changed across the specimen width
0/ °from a delamination running at the skin surface 450/

4' -45' layer interface to a delamination propagating in

/45 the bondline above, however, is still not accounted for in
-45' this model. Nevertheless, the three-dimensional model
°* takes width effects into account and therefore provides

Fig. 1. Skin/flange specimen. (a) Specimen configuration. (b) Detail of insight into the limitations of the use of two-dimensional
typical damage patterns at the specimen corners 2 and 3 [7]. finite element models. For future detailed modeling and
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analysis of the damage observed during the experiments, (a) 101.6 mm

the shell/3D modeling technique [11] offers great po- ..................................
tential for saving modeling and computational effort ...

because only a relatively small section in the vicinity u=v=0 at x=0 v-- atxa0l.6

of the delam ination front needs to m odeled w ith solid y ....... undeformed outline Static failure load: P=17.8 M

eleme ts. : -- deformed outline
elements. L.....x,e

The objective of the current study was to evaluate (b) 0:
how the assumptions made in developing two-dimen- --
sional finite element models of the specimen would effect- 0.
the damage onset prediction for skin-stiffener debond- 45o
ing. Geometrically nonlinear finite element analyses -adheive

were performed using ABAQUS® two-dimensional
plane-stress, plane-strain and generalized plane-strain 0.

elements. Additionally, two different methods to create
generalized plane-strain conditions were studied [12,13].
The results were compared to data obtained from full
three-dimensional simulations to study the feasibility x= 24.9 m 25.4 25.9 26.4 26.9 27.4 27.9 28.4

and limitations of using simple two-dimensional models. (c)
Computed transverse tensile stresses in the skin surface
450 layer, flange and skin strains, as well as mixed mode adhesive

strain energy release rates were compared.

45°

3. Analysis formulation
-45°

3.1. Two-dimensional finite element models

a= 26.1 mm 26.2 26.4 26.6 26.6
Several assumptions are possible in two-dimensional

models. A plane-stress model imposes the out of plane- Fig. 2. Two-dimensional finite element model of skin/flange specimen.

stresses to be zero (a, = T,, = r- = 0) at the free edge of (a) Outline of model with load and boundary conditions. (b) Detail of

each ply and allows the displacement to be the free pa- model of undamaged specimen. (c) Detail of deformed model of

rameter. The plane-strain model, on the other hand,

imposes the out of plane-strains to be zero (8= = ý =
yz = 0) at the free edge, which excessively constrains the various lengths were modeled by discrete discontinuities
plies. Hence, the two dimensional plane-stress and as shown in Fig. 2(c). The delamination propagating in a
plane-strain conditions may serve as upper and lower bimaterial interface (45°/-45°) may, for small element
limits compared to the three-dimensional solution, lengths Aa at the crack tip, result in incorrect mode

An outline of the two-dimensional model of the separation of the total energy release rate. This effect is
specimen showing the boundary conditions, and loads caused by the oscillatory singularity at the crack tip [14].
applied is shown in Fig. 2. Finite element models for an To avoid the effect, for the current investigation the el-
undamaged and a damaged specimen were developed ement length Aa was chosen to be about 1/3 of the ply
using a refined mesh in the critical area of the 450 skin thickness. At the opposite taper, the original mesh cre-
ply where cracking was observed during the tests. Out- ated for the model of the undamaged specimen was
side the mesh refinement area, all plies were modeled used. Finit element solutions were obtained using the
with one element through the ply thickness. In the re- commercial ABAQUS®/Standard finite element soft-
fined region, four elements were used per ply thickness ware. Eight-noded quadrilateral plane-stress (CPS8R)
for the first two individual flange plies above the and plane-strain (CPE8R) elements with quadratic
bondline and the top skin ply below the bondline as shape functions and a reduced (2 x 2) integration
shown in Fig. 2(b) and (c) and described in more detail scheme were utilized for the geometric nonlinear ana-
in Ref. [7]. Four elements through the thickness were lyses [15].
also used to model the adhesive film. Ply properties and
adhesive material properties used in this study are 3.2. Generalized plane-strain models
summarized in Table 1.

Damage in the form of a matrix crack in the top 450 One alternative to a full three-dimensional simula-
skin ply that developed into a delamination in the 450/ tion that requires about the same modeling effort as
-45' interface is shown in Fig. l(b). Delaminations of the simple two-dimensional models is a generalized
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plane-strain model. Generalized plane-strain elements (a)
.ýv=O at x2101.6provided by ABAQUS® code are typically used to P= 17.8 M

model a section of a long structure that is free to expand
or is subjected to loading perpendicular to the plane of w=O at midplane for all x andy

modeling. The formulation involves a model that lies
between two planes that can move with respect to each / wconstant at parallel plane for all x and y

other, and hence, cause strain in the direction perpen-
dicular to the plane of the model that varies linearly with zw u=v=O at x=O

respect to position in the planes [15]. Ten-noded quad- w=O at x=O

rilateral generalized plane-strain (CGPE1OR) elements
with quadratic shape functions and a reduced (2 x 2) (b)
integration scheme were used in the current models. The
models shown in Fig. 2 were modified to use generalized woatmidplaneforallxandy
plane-strain analysis. Each element was assigned two
additional nodes, which determined the position of the
bounding planes and were common to all the elements.

A different approach to create a generalized plane-
strain case was suggested by Minguet and coworkers "'- a
[12]. The generalized plane-strain case is regarded as an plane for all x and y
intermediate state between plane-strain and plane-stress,
and assumes that the out of plane normal strain
6zz = = where VL is the laminate Poisson's ratio, (c)
and the shear strain y., = yr. = 0. With these assump-
tions, ply stiffnesses were calculated for each ply angle in
the specimen and entered as material properties for the
two-dimensional models shown in Fig. 2. Eight-noded
quadrilateral plane-stress (CPS8R) elements with qua-
dratic shape functions and a reduced (2 x 2) integration
scheme were used for this analysis.

Another possibility to create a two-dimensional gen-
eralized plane-strain model was described by K6nig
et al. [13]. The model is obtained by using one row of Fig. 3. Three-dimensional generalized plane-strain model of skin/

three-dimensional brick elements instead of plate, shell flange specimen. (a) Three-dimensional generalized plane-strain model

or membrane elements. Therefore, the two-dimensional with load and boundary conditions. (b) Detail of model of undamaged

models shown in Fig. 2(b) and (c) were extruded into the specimen. (c) Detail of deformed model of damaged specimen.

models shown in Fig. 3(b) and (c). This resulted in a 0.1
mm wide model made of one row of brick elementsmm wde odelmad ofone ow f bick lemnts at the parallel plane will generate stress resultants at
(C3D20R) with quadratic shape functions and a reduced at the paralle plane wil te s tress tansa
integration scheme. The advantage of this model is eahndoftiplebthesm ton fteestress resultants has to vanish because of the zero load inthe inclusion of three-dimensional effects in this two-
dimensional finite element model. However, the number
of degrees of freedom almost quadruple in comparison
with membrane elements. The model may be compared 3.3. Three-dimensional finite element model
to a wall, where one side of the model represents the
midplane and the other side is a parallel plane. The The three-dimensional model of the specimen with
midplane of the specimen as shown Fig. 3(b) is a plane load and boundary conditions is shown in Fig. 4(a). The
of symmetry and remains plane under the applied load. specimen was modeled with ABAQUS® solid twenty-
The displacements perpendicular to the plane are sur- noded hexahedral elements (C3D20R) with quadratic
pressed (w = 0) at all nodes in the midplane. All dis- shape functions and a reduced integration scheme. Two-
placements in the z-direction at the nodes of the parallel dimensional models of the undamaged and damaged
plane are coupled to a constant value w. In ABAQUS® specimen were created first in the x-y plane, and were
the coupling is achieved by grouping all nodes in the then extruded into ten elements across the width of the
parallel plane except for one. The w displacement of all specimen as shown in Fig. 4(b) and (c). Although these
the nodes grouped is then set equal to the w displace- three-dimensional models are not fine enough in the
ment of the one node not included in the group using a vicinity of the free edges (z = 0 and 25.4) to accurately
linear constraint equation. These coupled displacements capture the influence of the free edges on the distribu-
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model had 32 090 elements and 145 432 nodes, yielding a
total of 436 296 degrees of freedom.

v0 at x>101.6
P= 17.8 kN

y1V •4. Analytical investigation

z'w u=v=O at x=O for 0•ý z <25.4 4.1. Global response
w=0 at x=O, z=12.7

(a)

First, the global response of the specimens was-- "transition

region computed at the mean quasi-static damage onset load
(P = 17.8 kN) determined from experiments. The load-

layered strain behavior computed from different FE models was
I elements compared to the corresponding experimental results.

This global response was used to examine whether the
FE models, the boundary conditions, the loads and the
"material properties used in the model yielded reasonable

plies modeled with one or more results. Strains were averaged from computed nodal
elements across thickness point values over a length corresponding to the dimen-

(b) sions of the strain gages shown in Fig. l(a) [7].
A schematic of the deformed geometry, the boundary

conditions, and the load applied in the simulations is
shown in Fig. 2(a). In the schematic, the elongation of
the specimen caused by the applied tensile load is shown.
The bending effect caused by the load eccentricity in the
flange region, the asymmetric layup with respect to the
neutral axis, and the membrane stiffening effect is also
shown.

A comparison of measured strains at the surface of
the flange and computed results is shown in Fig. 5. The
plane-strain model was stiffer, yielding an upper bound,

IC) and the plane-stress model was more compliant, yielding

Fig. 4. Full three-dimensional model of skin/flange specimen. (a) a lower bound compared to the results from the other
Three-dimensional model with load and boundary conditions. (b) models. The results from the generalized plane-strain
Detail of model of undamaged specimen. (c) Detail of deformed model models and the full three-dimensional model agree best
of damaged specimen. with the strain recorded during the tests.

In Fig. 6, measured strains at the surface of the top

tion of the stresses and energy release rates across the 450 skin ply near the flange tip (see Fig. l(a)) and

width they are able to account for width effects that two- computed surface strains were compared. Scatter in

dimensional models do not include, the experiments cannot be shown as only one test was

The same refined mesh as in the two-dimensional
model (Fig. 2) was used in the critical area of the 450
skin ply where cracking was observed during the tests. 2000 debndinage

Outside the refined area, the mesh was modified to 1600b 0

prevent the three-dimensional model from becoming 1 0 ,0
excessively large (Fig. 4(b)). The skin plies were grouped 200[

into three layered elements with -45/45/90, 90/-45/45 800 \o
and 0/45/-45 respectively, thus taking advantage of the p Strain
composite solid element option in ABAQUS® [15]. The dalarinantipn formation

fabric layers were grouped into two layered elements as 0 o ptane strain, OPE8Ro plane stress, CPS8R

shown in Fig. 4(b). In the transition region at the flange -400* gen. plane strain, CGPE1ORa gen. plane strain, Minquet [12)

several plies were modeled by one element with material V gen. plane strain, KiSnig [13]

properties smeared using the rule of mixtures [16]. The -800 *_full_3Dmodel,_C3D_0R

procedure did not ensure the full A-B-D contribution 0 5 10 15 20

of the plies but appeared suitable for the small transition Load, kN

region to enforce a reasonable model size. The final Fig. 5. Flange strain-load plots for quasi-static tests.
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Flange fatigue tests, first matrix cracking was observed at lo-12000 - debonding cations right next to the flange tip which corresponds to

10000- the location where peak stresses were calculated [7].
The transverse tensile strength and scatter band, for

8000 IM7/8552, obtained from three-point bending tests of
pStrain 0000 0 90' lamina, were added to the plot for comparison [17].

6000 . Stresses at the static failure load computed from the

plane-stress analysis correspond with the transverse ten-
0 o plane strain

o plane stress sile strength. Stresses from the plane-strain analysis are000 
07f gen. plane strain

2000 & Minguet1121 excessively high. This is caused by the constraints in-j• v Kbnig [13]
*, full 3D model herent to the plane-strain model, particularly in the

0 5 10 15 20 ±45' plies.
Load, kN A fracture mechanics approach was used to investi-

Fig. 6. Typical skin strain-load plots for quasi-static tests. gate delamination onset once the initial crack had
formed. During a series of nonlinear finite element an-
alyses, strain energy release rates were computed at each

equipped with a strain gage on the skin. As mentioned front location for the loads applied in the experiments.
above, the plane-strain models showed a stiffer behavior A critical energy release rate, Gc, needs to be determined
and the plane-stress models a more compliant behavior to predict delamination onset. This critical G is generally
compared to the tested specimen. The results from two identified based on the shape of the total energy release
of the generalized plain strain cases and the full three- rate versus delamination length curve, which is deter-
dimensional model fall between the results from the mined through analysis as show in Fig. 8. The GT versus
plane-stress and plane-strain simulation, however, ap- x curve reached a peak at some virtual delamination
pear stiffer when compared to this single test. The gen- length and then decreased. The delamination was ex-
eralized plane-strain model suggested by K6nig et al. tended to a total simulated length of 2.2 mm to ascertain
[13] yields results similar to the plane-stress model, that the peak value had been captured. The total energy

release rates computed for all two-dimensional and

4.2. Local response generalized plane-strain models are plotted in Fig. 8.
The values obtained from three-dimensional analysis

A stress analysis was used to study the initial damage along the centerline of the specimen (z = 12.7) was in-
in the form of matrix cracking. The maximum principal cluded in Fig. 8. Qualitatively, all results follow the same

tensile stress, at, normal to the fiber direction was cal- trend. After a small initial drop the computed total en-

culated for the static failure load using the two-dimen- ergy release rate increases sharply with delamination
sional and three-dimensional finite element models length, reaches a peak value and gradually decreases. As
introduced in the previous section. The stress distribu- expected the values from plane-stress and plane-strain
tion in the top 450 skin ply is plotted in the immediate analysis form an upper and lower bound, except for very
vicinity of the flange tip in Fig. 7. In the graph, x = 0 short delamination lengths. Results from generalized

corresponds to left grip as shown in Figs. 2-4, and plane-strain models and the three-dimensional model

x = 26.4 corresponds to the left flange tip. During the fall between the results from two-dimensional analysis.

600 1800 origin of ,[
o plane strain flange tip delamination 0 0o 0 0 0 l El
0 plane stress0
o gen pstrain 1600 IVv V v V

500 A Minguet 12 :o OV V V Vo K~nigll [13] **
* 3Dz=12 6 0 1400 V 2
40 2 8 6444400 8 08• •8 , 6 •1200

Transverse GA T' G
Tensile 300 1000 A. Aoo 0 00 0 0 0 0
Stress, AAAAAA A 0 A Am

ON/mm
2

' . o [
a., 2200 V v V 800 o0 0 plane strain, CPE8R

0 0 pane stress, CPS8R
600 ' 0 gen. plane strain, CGPE1OR

1M°'. :0_ A gen. plane strain. Minguet [12]
10000000 UU-0I V gen. plane strain. KMnig [13]o- ,400 full 3D. specimen center, z=12.7

otransverse tensile strength
0 2. : (127 MPa) with scatter band 26 26.5 27 27.5 28 28.5

25.5 26 26.5 27 coordinate x, mm
coordinate x, mm

Fig. 8. Computed total energy release rate for delamination growing
Fig. 7. Computed transverse tensile stress results in top 45' skin ply. from matrix crack in skin top 450/-45' ply interface.
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1 performed. The computed skin and flange strains,
origin of n plane strain, Gs=G, transverse tensile stresses and energy release rates were!•-/ delamnination

o plane stress, Gs=G, c-dimensional
0.8 o gen. plane strain, Gs=G1  compared to results obtained from three-

V 6 Minguet [12], Gs=G,, simulations.
V V K6nig [13], Gs=G,, The plane-stress and plane-strain models provided

0.6 6 V0 3 ,Z1.,G = ý
Gs/ G 00$T 3D, z=12.7. Gs=GI+GIII results for skin and flange strains, as well as energy re-

0.4 lease rates, which form an upper and lower bound of the
. 2 9 results obtained from full three-dimensional analysis.

70• × × 0o El The results from generalized plane-strain models fall
0.Doom 0 between the results obtained from plane-stress and

plane-strain models. The generalized plane-strain mod-
0 2 els capture the surface strains on the flange and skin very

26.5 27 27.5 28 28.5 well and computed energy release rates are within 9% of
coordinatesx, mm

the results from three-dimensional analysis. Transverse
Fig. 9. Computed mixed mode ratio Gs/GT for delamination growing tensile stresses obtained from plane-strain and general-
from matrix crack in skin top 45°/-45' ply interface. ized plane-strain models, however were excessively high

when compared to results from three-dimensional anal-

The generalized plane-strain model suggested by Konig ysis. The stresses from full three-dimensional analysis

yields results closer to those obtained from the plane- were lower than results from any of the two-dimensional

stress model. All generalized plane-strain peak GT re- models, but are closest to the plane-stress results.
suits are within 8.5% of the results obtained from full In general, two-dimensional models are preferred by

three-dimensional analysis at the center of the specimen. industry because modeling time, as well as computa-

The variation of mixed mode ratio Gs/GT with del- tional time, remains affordable, especially if many dif-

amination length is shown in Fig. 9. Here Gs denotes the ferent configurations have to be analyzed during the
sum of the in-plane shearing components Gil + Gil,, and initial design phase. Based on the results of this inves-

GT denotes the total energy release rate G, + Gil + Gil, tigation it is therefore recommended to use results from
where G, is the opening mode. For two-dimensional plane-stress and plane-strain models as upper and lower

analyses, where G1 I, = 0, this definition is equal to the bounds. Two-dimensional models may also be used to
previously used definition of the mixed mode ratio, G11/ qualitatively evaluate the stress distribution in a ply and

GT. For three-dimensional analysis, which also yields the variation of energy release rates and mixed mode

results for the scissoring mode Gil, the modified defi- ratios with delamination length.
nition of Gs is introduced. All analyses yield the same
trend, where the delamination initially starts with high Acknowledgements
shearing components, followed by a drop which is
equivalent to an increase in G1. For longer delamina-
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